The functional polymorphism of the brain-derived neurotrophic factor (BDNF) in relation to suicidal behaviour has attracted a great deal of interest in recent research. Although genetic studies have indicated BDNF as a candidate gene in suicidal behaviour, no clear evidence exists for the role of BDNF levels in the blood of patients with mental illness who are at risk of suicide. Considering the ability of BDNF to cross the blood-brain barrier, the aim of the present study was to review evidence for a correlation between blood BDNF levels and suicidal behaviour among patients with psychiatric disorders. The systematic review that was performed (1966 -2012) identified 64 studies as potential candidates for inclusion. After scrutiny, only seven studies appeared to focus on BDNF levels in plasma, serum and platelets. Studies consistently showed a significant decrease in BDNF levels among patients with previous suicide attempts, with the exception of one study, which included patients with schizophrenia. No significant differences were found between BDNF levels, gender and lethality of suicide attempts. Further evidence is required for which blood sample type to use when examining BDNF protein levels in terms of suicidal behaviour in mental illness sufferers, and more focus should be given to a potential blood BDNF threshold among patients at suicide risk.
Introduction
Over the past decade many studies have focused on the pathophysiology of mental illness, in particular the role of the neurotrophin family, which has been implicated in stress-related mood disorders [1] [2] [3] [4] [5] [6] . The brain-derived neurotrophic factor (BDNF), as a member of the neurotrophin family, is a protein with key roles in the peripheral nervous system (PNS) and central nervous system (CNS); it is involved in synaptic plasticity and functioning, and has been studied in relation to depression, schizophrenia, bipolar disorder and suicidal behaviour [7] [8] [9] [10] [11] [12] [13] [14] . The deregulating role of BDNF has been extensively studied in stress-related mood disorders, since BDNF expression is proven to be stress-dependant [1, 15] . A strong association between BDNF and major depression has been demonstrated, but much weaker effects have been shown with mild to moderate forms of self-reported depression [7, [16] [17] [18] [19] . Although the relationship between BDNF and depression is not straightforward, the role of BDNF in the mechanism of antidepressant action has been a consistent finding [1, 15, 20] . BDNF plays a crucial role in the serotonergic system and is a target of a variety of antidepressants, including selective serotonin reuptake inhibitors (SSRIs), norepinephrine selective reuptake inhibitors (NESRIs), monoamine oxidase inhibitors (MAOIs), and atypical antidepressants [1, 20, 21] .
These studies have been used to support the "neurotropin hypothesis of depression", according to which impaired synaptic plasticity is the basis of the pathogenesis of the disorder; antidepressants improve synaptic plasticity and assist in altering neural networks to better model external stimuli and allow the individual to adapt to crisis situations [22] [23] [24] . An increased expression of BDNF has been reported among antidepressant-treated depressed patients compared to those who were antidepressant-naive, and BDNF levels were found to differ according to antidepressant treatment [1, 25] .
Human genetic studies have shown reduced BDNF expression in individuals with suicidal behavior, regardless of psychiatric diagnosis, and a significant association of Met allele and risk of suicide attempts [1, 4, 22, [26] [27] [28] [29] [30] [31] . Lee et al (2010) described a reduction of blood BDNF mRNA levels in patients with major depressive disorders (MDD) and recent suicide attempt, and implications of either the severity of depression or suicide behavior as BDNF regulators were sought. A moderator role for BDNF Val66Met polymorphism has been proposed in the case of childhood maltreatment leading to violent suicide attempts [4] . The BDNF rs6265 Val66Met marker is associated with reduced BDNF activity and Met allele carriers are at risk of suicidal behavior; yet there is no clear evidence of a direct association of Val66Met polymorphism with suicidal behavior or of an indirect effect through severity of depression [27, 29, 32, 33] .
BDNF expression in suicide victims has been correlated with brain areas related to cognition and emotion, including the prefrontal cortex (PFC) and hippocampus [21, 34] . In terms of BDNF expression and its age regulation, adult and teenage suicides may have different pathogenic mechanisms, with teenage suicide subjects showing low BDNF expression in the PFC but not the hippocampus [35, 36] .
While research on BDNF's role in gender-specific suicidal acts has not been extensive, studies have indicated the importance of BDNF Val66Met polymorphism in the development of major depressive disorder and BDNF expression in suicide victims, based on gender [10, 21, [37] [38] [39] . Kozicz et al (2008) have suggested a sex effect in BDNF regulation when examining the mid-brain area of suicide victims, and documented increased levels of BDNF in females compared to males. In terms of gender, Pregelj et al have indicated that the combined Met/Met and Met/Val genotypes of BDNF are risk factors for female completed suicide, especially in those women who have used violent suicide methods [40] . Furthermore, studies into cortisol and estrogen influences on gene expression have also documented BDNF differences among genders [41] [42] [43] . Gender differences in the BDNF regulation of suicide victims have been explored, but further clarification of gender effects is needed [37, 39, 40] .
Although the significance of BDNF in blood is not yet clear [44] , Pan et al. reported that intact BDNF in blood crosses the blood brain barrier (BBB) [45] and further animal studies have suggested that post-natally, platelet BDNF show changes similar to those found in cortical BDNF, highlighting a positive correlation between the two [45] [46] [47] . Furthermore Pillai et al have indicated the reflection of brain BDNF in blood by examining plasma BDNF and cerebrospinal fluid (CSF) correlation in a drug-naive sample with a first psychotic episode [48] . Based on the findings of parallel changes of brain and serum BDNF levels during depression, Elfving et al used a genetic rat model of depression and investigated BDNF in whole blood, serum, cerebrospinal fluid, hippocampus and frontal cortex [49] . While differences were found among the rat strains of this study in terms of the mature brain derived neurotrophic factor (mBDNF) regulation levels, BDNF was decreased at both mRNA and protein levels in Flinders Sensitive Line (FSL) rats; additionally negative correlations between free mBDNF levels in serum, whole blood and hippocampus were found [49] . Being one of the first studies reporting both brain and serum BDNF levels in a psychiatric disease model, the authors suggest further studies on the possible use of BDNF as a biomarker in depression [49] .
Other mammalian species in addition to rats (mouse and pigs) were further investigated by Klein et al, in regard to the concentration of blood BDNF and its reflection to the brain tissue BDNF levels [50] . While the authors found a positive correlation of blood BDNF concentrations and the BDNF levels in hippocampus among rats and pigs, BDNF in mice was undetectable both in serum, plasma and whole blood [50] . In the context of animal studies and the role of BDNF, Klein et al demonstrated a close linkage between blood and brain BDNF and noted the potential use of blood BDNF measurements as predictor of BDNF levels in specific brain regions, more specifically hippocampus [50] .
As such, blood BDNF levels might be a useful biological marker of suicide risk, considering the significant genetic findings of BDNF and suicidal behaviour [22, 31, 39] .
Aim
A variety of studies have considered evidence for BDNF deregulation in suicidal behaviour. However, the role of blood BDNF protein in the context of suicide has not been well established. Considering this, the aim of this study was to review articles on blood BDNF levels in patients, and clarify whether the findings of these studies are consistent with the previously reported correlation between genetic BDNF expression and suicidality.
Materials and Methods
A systematic literature search was undertaken of English language articles indexed in Pubmed, Web of Knowledge, Psych INFO and Scopus from 1966 till 2012, using the keywords "brain-derived", "neurotrophic", "factor", "suicide", and "attempt*". The reference sections of the publications found were scanned to identify additional studies that may have been missed. A total of 64 articles were collected and reviewed with regards to the selection criterion of: studies measuring and presenting findings about blood BDNF protein regulation and suicidal behaviour, among patients with different psychiatric disorders.
Genetic findings of BDNF regulation in suicide victims and attempters were excluded, as well studies not presenting blood BDNF protein levels related with suicidal behaviour as a measuring outcome. Based on the later, the study of KauerSant' Anna et al (2007) which measured serum BDNF levels among patients with bipolar disorder, related psychopathology and history of traumatic events (TE), was excluded from our review; the authors found differences among those with and without TE in terms of BDNF protein levels, but no presentation of the number of suicidal patients and the exact protein BDNF levels and suicide attempts correlation was given, rather than the level of significance (BDNF levels with history of suicide attempts, P = 0.527).
Further, articles written in languages other than English were excluded. A total of 7 articles were relevant to the study aim and met the selection and exclusion criteria. These are briefly summarised in supplementary data.
Considering the different blood measurements (serum, plasma, platelets) and methodology of the BDNF protein extraction, the lack of homogeneity regarding the wash-off period for medication, the length of inpatient hospitalisation and ethnic variability of study samples, a meta-analysis could not been conducted. Therefore the data synthesis in this review is descriptive.
Results
Based on the role of BDNF in schizophrenia, and the data on peripheral blood of patients [25, 51, 52 ] the serum BDNF (sBDNF) levels of 126 schizophrenic patients and 96 healthy controls were examined in regards to the clinical phenotypes of: with/without suicide attempts; antipsychotic drug use; family tendency; disease onset before/after 25 years of age and different subtypes of schizophrenia [53] . No sBDNF differences were found between schizophrenic patients and control subjects (F = 0.000, df = 1.220, P = 0.983), while catatonic schizophrenic patients were found to have lower sBDNF levels compared to paranoid and residual schizophrenic patients (F = 3.272, df = 2.123, P = 0.041) [53] . No other differences were found between sBDNF and the remainder of the variables, and based on 8.7% of patients with previous suicide attempt, no significant sBDNF difference was noted for the clinical phenotype of suicide (F = 0.040, df = 1.124, P = 0.841) [53] . The absence of a significant association between BDNF and the clinical phenotypes measured was seen as being due to the potential limitations of: the short wash-out period of antipsychotics (1 week) and the unreliable knowledge of which medication (antipsychotics or antidepressants) was used prior the study period [53] .
Considering the hypothesis that suicidality per se lowers the levels of BDNF, Deveci et al investigated 10 suicide attempters with adjustment disorders, 24 non-suicidal major depressive disorder (MDD) patients and 26 healthy individuals, for potential sBDNF differences [54] . Based on previous findings of decreased BDNF levels in MDD patients regardless of suicidal behavior, the authors highlighted the role of BDNF in suicidal behavior, since plasma BDNF levels were similarly low both in suicide attempters without major psychiatric disorder and the non-suicidal MDD group (supplementary data) [54] . According to the authors, the findings suggest BDNF as a biological marker of suicidal behavior among other stress-related mental disorders besides major depression [54] . The authors' interpretation of sBDNF decreased levels among suicide attempters was based on the possible down-regulation of BDNF expression from the decreased serotonin function and the severe stress associated with a previous suicide attempt [54] .
In light of BDNF identification in platelets [55] and the difficulty in directly predicting peripheral BDNF levels to activity in the brain, the correlation of blood BDNF and suicide risk was examined through a direct internal jugular vein blood sampling [56] . Based on a sample of 19 unmedicated patients with MDD, BDNF was measured via the veno-arterial BDNF plasma concentration gradient [56] . The patients were assessed and grouped for depression severity with the Hamilton Depression Rating Scale (HAM-D), and for suicide risk with the Mini International Neuropsychiatric Interview (MINI). Results indicated: a significant reduced veno-arterial BDNF concentration gradient at medium to high suicide risk (supplementary data); a negative correlation between suicide risk and the internal jugular venous veno-arterial BDNF concentration gradient ((r = 0.721, P = 0.001; veno-arterial BDNF = 329 -(27 × suicide risk)); and, no association between the severity of depression and the internal jugular BDNF concentration gradient [5] . Based on the evidence of positive internal jugular veno-arterial BDNF concentration gradient (internal jugular BDNF plasma concentration 127 ± 109% higher than the arterial concentration, P = 0.04), the authors noted an association between internal jugular venous BDNF overflow and suicide risk [56] .
Carrying on the studies of biological markers in major depression and suicidal behaviour, some candidate markers for suicide were explored [57] . A variety of cytokines, neurotrophins and nitric oxide (NO) levels were examined about their possible correlation with the severity of depression and the lethality of suicide attempts among suicidal MDD patients and normal controls [57] . The study measured the lethality of previous suicidal acts (Weisman and Worden's RRR system and LSARS-II scale), Body Mass Index (BMI), and the severity of depression (using the 17-item Hamilton Rating Scale for Depression, HDRS). No significant differences in biological factors were found in regards to gender and the violent and non-violent suicide attempters, while BDNF in the suicidal depressed group was positively correlated with HDRS scores (γ = 0.370) [57] .
According to the authors, the decreased levels of BDNF found in suicidal depressed patients implied a relationship with suicidal depression, since the other neurotrophins tested, such as β-NGF and IGF-1, did not differ significantly between the control group and the suicidal MDD group respectively (β-NGF: 122.04 ± 120.45 pg/mL vs. 109.48 ± 113.21 pg/mL, F = 0.849, df = 96, P = 0.360; IGF-1: 358.22 ± 525.17 vs. 427.37 ± 255.48 pg/mL, F = 0.016, df = 96, P = 0.901) [57] .
In regards to the risk of suicide among depressed pa-tients, Kim et al examined plasma BDNF levels in patients with major depression disorder, with and without suicidal history, and healthy controls [58] . Further variables included were the severity of depression (using the HDRS), BMI, and lethality of suicide attempts which was measured using the RRR system and the LSARS-II [58] . Overall, no significant differences were found in: the mean HDRS score between suicidal and non-suicidal MDD patients (P = 0.085); the correlation of BDNF levels with LSARS (γ = 0.118), RRR (γ = 0.127) and HDRS scores (γ = 0.201) in suicidal MDD patients; the lethality of methods (highly lethal methods 361.72 ± 360.31 pg/mL vs less lethal methods 508.64 ± 434.11 pg/ mL, t= -1.046, P = 0.304); and BDNF levels between men and women (742.71 ± 500.27 pg/mL vs.719.81 ± 660.87 pg/ mL, t= 0.179, df = 92, P = 0.859) [58] . Mean BDNF level was significantly lower in the suicidal MDD group compared to the non-suicidal MDD and control groups; the proposed cut-off point of BDNF level between suicidal and non-suicidal depressed groups was 444.58 pg/mL [58] . Being one of the first studies presenting the lower plasma BDNF levels in suicidal MDD patients compared to normal controls and non-suicidal MDD patients, the study did not report any significant differences of BDNF levels among non-suicidal MDD and normal control group [58] . The authors additionally concluded that the unanticipated finding of no reduction of BDNF levels among the non-suicidal MDD group could potentially show BDNF as a biological marker of vulnerability to suicidal behaviour in depression, rather than as a marker of depression itself [58] . Lee et al (2007) examined plasma levels of BDNF in 77 MDD patients and 95 normal controls, and tested for correlations between BDNF levels, the clinical characteristics of depression subtypes and recent suicide attempt [59] . The study included the HDRS, BMI, and the Brief Psychiatric Rating Scale (BPRS) [59] . Mean plasma BDNF was significantly lower in MDD patients than normal controls (579.46 ± 414.25 pg/mL vs 819.20 ± 347.05 pg/mL, t = 4.130, df = 170, P < 0.01). No significant differences were found among groups for age, sex or BMI [59] . However based on BMI, differences were found between the normal controls and MDD patients without, and with, a suicide attempt, respectively (22.0 ± 3.0 vs 21.7 ± 2.6 vs 20.3 ± 2.7, F = 3.963, df = 171, P = 0.021) [59] . Suicidal patients had significantly lower HDRS and BPRS scores than non-suicidal patients, and positive correlations of plasma BDNF with HDRS and BPRS scores were found for all depressive patients [59] .
While plasma BDNF levels in MDD patients with a suicide attempt were significantly lower than those in nonsuicidal MDD patients (supplementary data), results also highlighted the correlation of lower BDNF among depressed patients with recurring depressive episodes, and between lower BDNF and the non-psychotic subtype of depression [59] .
In terms of serum and plasma BDNF decline in major depression and its relation with the reduction of BDNF stored in platelets, Lee and Kim examined the change of platelet BDNF levels in MDD and normal controls and their correlation with recent suicide attempt/s and depressed episode recurrence [60] . The study measurements included the HDRS, the Montgomery-Asberg Depression Rating Scale (MADRS), platelet -rich plasma (PRP), and platelet-poor plasma (PPP) and mean platelet BDNF content (mPPT) [60] . In this study, platelet BDNF contents were decreased in patients with MDD compared to the control group, and lower PRP BDNF levels were found in non-suicidal and suicidal patients compared to healthy controls (F = (2.57) = 3.775, P = 0.029) [60] .
The clinical feature of a recent suicide attempt did not differentiate between the MDD sample and the control group, in regards to mPPT BDNF (t = -0.109, P = 0.914), HDRS (non suicidal MDD: 23.7 ± 5.3 vs. suicidal MDD 20.9 ± 6.0, t = 1.171, df = 58, P = 0.254) and MADRS scores (non suicidal MDD: 30.3 ± 8.4 vs. suicidal MDD 30.6 ± 8.7, t = -0.084, df = 58, P = 0.934) [60] . The results indicated that mPPT BDNF was significantly lower in those with recurrent-episode depression than those with a first episode (P = 0.033), and no significant difference between non-suicidal and suicidal MDD patients was found [60] . The authors suggest that mPPT BDNF may reflect a tendency towards MDD recurrence rather than suicide risk in MDD patients [60] .
Discussion
This review has examined existing studies on blood BDNF levels and suicidal behaviour among patients with psychiatric disorders. While major depressive disorder was the main psychiatric disorder investigated in relation to BDNF regulation, four out of the seven reviewed papers focused on depressed patients were conducted from the same Korean research group [57] [58] [59] [60] . Patients with a history of suicide attempts have decreased BDNF levels in all studies with depression and adjustment disorders, but not schizophrenia. Furthermore the lethality of suicide attempts (measured with the Weisman and Worden's RRR system and LSARS-II scale) did not show any significant difference in terms of the deregulated blood BDNF levels among suicidal patients. Genetic studies have noted that BDNF Val66Met polymorphism has an effect on the lethality of suicide attempts based on both genders, while post-mortem findings have suggested a sex effect on the BDNF levels of suicide victim [10, 12, 40] . However the studies reviewed here did not find any effect of either gender or lethality of attempts on blood BDNF levels within the suicidal study groups. As a limitation, it should be noted that, overall, the studies that grouped the patients according to suicide history did not present or measure the number of previous suicide attempts of their study sam-ples, a variable which could have an effect on blood BDNF deregulation.
In terms of the psychiatric disorders tested for blood BDNF differences, the main focus was on MDD, and implications for the potential regulating role of depression and related suicide history on BDNF levels, were sought. With regard to the identification of biological markers of depression, a probable association of the decreased sBDNF levels with the reduced platelet BDNF contents among MDD patients has been previously implied, while sBDNF has been suggested as a biomarker for antidepressant efficacy [5, 60, 61] . Furthermore, a trend in the levels of the depression severity in the reviewed studies, measured through the HDRS and in relation to the levels of BDNF, has not been seen.
While no association was found between BDNF protein levels and suicide history in Huang et al. study, research outcomes regarding schizophrenia are mixed in regards to the sBDNF levels when compared to healthy controls [14, 52, 53] . While suicidality has not been explored sufficiently among patients with schizophrenia in blood studies, and while there is no consistent evidence of the sBDNF levels in schizophrenia, sBDNF has been indicated as a non significant biological marker of suicidal behaviour in schizophrenic patients [51, 52] .
Implications
A proximate relationship between BDNF protein levels in blood and suicide history, among patients with psychiatric disorders, has been evident in the majority of studies, and the neurotrophin role in suicide risk has been implied. Consistency has not been evident between blood and a variety of genetic studies with regard to BDNF correlation with lethality of attempts and gender [10, 12, 40] , leaving aside that no blood study has used gender comparison as a measurement outcome in BDNF protein levels. Considering the determinants of blood BDNF in different populations, which blood sample type (plasma, serum, platelet) is reliable when examining BDNF protein levels among people with mental illness, has yet to be determined [62] .
As neurotrophins are stress-regulated, and since prolonged stress related with recent suicide attempts could be potentially associated with decreased BDNF levels, future blood BDNF studies should take into account the number of attempts with each specified suicide method [54] . Including inpatient samples with more than one suicide attempt and method may show differences in decreased blood BDNF levels and their correlation with the lethality of suicide attempt and gender. Furthermore, potential gender differences could be revealed in blood studies, as both sera and platelets have been proposed in regards to the BDNF content based on sex [55, 58, 62] .
Given the genetic findings of the decreased BDNF expression in suicidal patients [22, 30, 31] and the clinical reflection of cortical and hippocampal BDNF levels in blood, the decreased blood BDNF levels in patients at suicide risk apparently derived from this review could be of great significance. No study to date has measured and presented any correlation between the BDNF polymorphism Val66Met and the blood BDNF protein levels, in terms of suicidal history, within the same study group of psychiatric patients. Future studies focusing on BDNF polymorphisms among patients with previous suicide attempts, should include such a strategy since the BDNF polymorphism Val66Met has been indicated as a polymorphism highly contributing to suicidal behaviour [31] . Presenting potential positive correlations between BDNF protein levels and the latter would add in the evidence of BDNF's regulating role in suicidal behaviour and the reflection of brain BDNF in blood.
Differentiating psychiatric patients at suicide risk based on their decreased levels of blood BDNF could be a potential tool in suicide prevention, taking into account that specific pharmacological compounds, capable of increasing BDNF levels of patients with mental illness, could be used [1, 24, 31] . Consequently, further studies are required in regards to a potential blood BDNF threshold among patients at suicide risk. A blood BDNF cut-off point of suicide risk among patients with mood disorders has not been investigated, with the exception of one study in this review [58] . The role of biological markers measured in blood could be of importance in clinical practice and suicide prevention, as no biological distinction to date provides a clear picture of patients most at risk of suicide.
Despite increasing attention on the pathophysiology of suicidal behaviour, no clear evidence has been found on BDNF's role as a biological marker of suicidality, although a direct link between BDNF down regulation and suicide pathogenesis is being actively pursued [25, 31, 39, 56, 58, 63, 64] . Further studies should examine blood BDNF levels among psychiatric patients who use different suicide attempt methods and with differences in the number of previous suicide attempts, while more focus should be given to the potential blood BDNF threshold among patients at suicide risk. Replication studies are needed in regard to the reflection of brain BDNF in blood and the role of BDNF in major stressrelated disorders and suicidality.
